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Background. The decision to repair an asymptomatic abdominal aortic aneurysm (AAA) is currently based on diameter
($5.5 cm) alone. However, aneurysms less than 5.5 cm do rupture while some reach greater than 5.5 cm without rupturing.
Hence the need to predict the risk of rupture on an individual patient basis is important. This study aims to calculate and
compare wall stress in ruptured and non-ruptured AAA.
Methods. The 3D geometries of AAA were derived from CTscans of 27 patients (12 ruptured and 15 non-ruptured). AAA
geometry, systolic blood pressure and literature derived material properties, were utilised to calculate wall stress for
individual AAA using finite element analysis.
Results. Peak wall stress was significantly higher in the ruptured AAA (mean 1.02 MPa) than the non-ruptured AAA
(mean 0.62 MPa). In patients with an identifiable site of rupture on CT scan, the area of peak wall stress correlated with
rupture site.
Conclusions. Peak wall stress can be calculated from routinely performed CT scans and may be a better predictor of risk of
rupture than AAA diameter on an individual patient basis.
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Introduction
Abdominal aortic aneurysm (AAA) is a common cause
of preventable death in men over the age of 65 years.1
The mortality following elective AAA repair has
significantly improved over the recent years to
3–6%. However following AAA rupture, 50% of
patients die before reaching hospital and emergency
repair is associated with 40–50% mortality. Decision-
making in regard to elective AAA repair therefore
requires careful assessment of rupture risk, operative
mortality and life expectancy.2
Patients are currently advised repair if the diameter
of the AAA is $5.5 cm3 or if they are symptomatic.
However, although aneurysm size is an important
predictor of rupture,4 not all large aneurysms rupture,
while 10–24% of small aneurysms (,5.5 cm) may
rupture.5,6 Currently, no reliable criterion exists to
predict risk of rupture on an individual patient basis,
and a decision to operate based on AAA diameter
alone may subject a significant proportion of patients
to unnecessary surgery with significant mortality and
morbidity. Patients with a stable aneurysm are more
likely to die of other causes.7 Hence, the arbitrary
setting of a single threshold diameter for elective
repair to all patients may be inappropriate.2
AAA rupture occurs when the stress developed in
the aneurysm wall exceeds the yield strength of the
material. The stress (force per unit area) arises because
the blood pressure expands the wall outwards, and
this expansion is resisted and balanced by forces
(stresses) in the wall. The aneurysm acts as a thin-
walled pressure vessel and develops hoop and
longitudinal stresses. Classical engineering stress
analysis of simple axisymmetric shapes shows that
the stress in both directions is directly proportional
to the diameter, and inversely proportional to the
thickness of the aneurysm wall. Thus, the stresses
increase as the diameter increases, but decrease as the
thickness increases.
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Hence it is logical to relate risk of rupture to
aneurysm size. However, because AAA have compli-
cated asymmetric shapes, the relationship is more
complex, and the stress in an AAA will depend on the
entire geometry. It is for this reason that recent
improvements in the knowledge of AAA geometry,
coupled with the advances in imaging technique have
focused on relating the rupture risk to AAA geometry
and resultant wall stress rather than diameter alone.
Thus a simplified biomechanical and clinical study has
indicated that wall stress is probably a better predictor
of risk of rupture than aneurysm diameter alone,8 and
recently it has been shown that finite element analysis
(FEA) can give a prediction of stress values in
individual aneurysms using geometry derived from
CT scan data.9
The purpose of this present study was to calculate
and compare wall stress in a population of ruptured
and non-ruptured AAA.
Methods
Patient population
Twenty-seven patients with infra-renal AAA who had
a CT scan as part of their elective or emergency
evaluation were included in the study. (None of the
study population had a CT scan outside the normal
protocol). The data was collected retrospectively and
prospectively, and the patients were divided into
ruptured12 and non-ruptured15 AAA.
To calculate wall stress in AAA, three main pieces of
information are required: (i) the geometry of the AAA,
(ii) the material properties of the aortic wall, and (iii)
the forces and constraints acting on the wall.
Geometry of AAA
Abdominal CT scans were performed using spiral CT
scanners (Mx 8000 quad slice and Mx 8000 dual slice,
Philips). The standard AAA protocol included bolus
tracking (scan initiation at the peak of contrast
uptake), with a nominal slice thickness of 3.2 mm
with 50% overlap with a helical pitch of 0.875. The
scanners were set to 120 kv and 250 mAs with a
standard algorithm. One hundred millilitres of Ultra-
vist 300 (Schering AG, Germany, product license
0053/0174) a non-ionic contrast was administered
with bolus pro software. Abdomen and pelvis were
imaged to visualise the infra-diaphragmatic aorta
down to the common iliac artery. The CT scans were
imported into image processing software (Scion Image
v4.0, Scion corporation, Maryland, USA), and each
cross section of the AAA opened as a separate image
file and the wall of the AAA marked manually (Fig. 1)
to give its ðx–yÞ profile in 2D which was output as a
text file. The process was repeated for each slice of the
AAA, and the z-coordinate of each slice added
subsequently using the slice thickness information.
The cloud of data points (Fig. 2) thus created was then
imported into a 3D image rendering software Rhino-
ceros (v2, Seattle, USA) to create a 3D surface
representation of the aneurysm (Figs. 3–5). The
resultant surface data was then exported in a (RAW-
triangle) format suitable for subsequent conversion
into a finite element (FE) model. The level of detail that
could be included in this exported file could be varied,
effectively smoothing the surface, so the effect of this
smoothing process on the predicted stresses was
examined.
In this first study, the aorta wall was assumed to
have a uniform thickness of 2.0 mm.10 Again the
sensitivity of the predicted stresses to this value was
investigated.
Material property model
We used a previously validated mathematical model
of AAA wall material properties. Raghavan et al.
derived the mechanical properties of a typical AAA
calculated from mean population values obtained
from 69 human AAA tissue.11 A longitudinal and
circumferential strip of AAA wall tissue, from the
anterior surface was obtained during open repair, and
Fig. 1. Slice with outline of aneurysm highlighted.
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subjected to uniaxial extension to derive the material
parameters. They subsequently undertook a finite
element analysis of a given AAA geometry while
varying the material properties within the 95%
confidence interval of the specimen population.
Results showed that wall stress changed by 4% or
less by varying the material parameters within the 95%
confidence interval, implying wall stress was insensi-
tive to variations in the values of mechanical proper-
ties within a reasonable domain, avoiding the need for
patient specificity. A similar sensitivity investigation
was also conducted as part of this current study.
Physiological forces acting on AAA wall
Systolic blood pressure was taken as the maximum
load acting on the aneurysm wall at any given time. A
value recorded near the time of the CT scan was taken
for all elective AAAs, whereas the highest systolic
blood pressure recorded at any earlier admission/visit
was used for those patients who presented as ruptured
AAA with low blood pressure/shock. The shear stress
induced by blood flow in AAA has insignificant
impact on the results of stress analysis,12 hence it
was ignored in the present study. In vivo, the renal
arteries and the iliac arteries constrain an infra-renal
AAA from deforming at the proximal and distal ends.
To account for this and the effect of the lumbar
vertebrae, we constrained our AAA finite element
model in the longitudinal direction at the proximal
and distal ends.
Finite element analysis (FEA)
Finite element analysis is used regularly in many
engineering industries, especially the aerospace and
motor industries, to accurately determine the stress
distribution in complex components. Briefly, the
geometry of the problem under consideration is
divided into a finite number of small regions, called
elements, which are connected together at their
corners, called nodes. The behaviour of these individ-
ual elements is expressed mathematically and com-
bined to give the behaviour of the whole geometry.
The resultant set of equations is modified to take
account of the applied loading and the constraint
conditions, and then solved. Usually finite element
Fig. 2. Cloud of points from 46 slices. Fig. 3. Closed curves through the points on each slice.
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models contain tens of thousands and possibly
hundreds of thousands of elements, resulting in
hundreds of thousands of (simultaneous) equations.
Solution of these equations gives the displacements of
the nodes, from which the stress distribution through-
out the geometry can be determined. If a sufficient
number of elements is used to model the geometry and
the physical problem is represented accurately (i.e. the
geometry, loads and material properties are all
representative of the physical reality), then finite
element analysis will give very accurate answers.23
Inevitably, however, in most biomedical engineering
problems, there will be some uncertainty in one or
more of the physical properties, hence it is usual to
examine the sensitivity of the results to that property.
The RAW-triangle representation of the surface of
the AAA was converted into a finite element model
(Fig. 6) by converting each triangle into a 6-node
triangular shell element (quadratic interpolation func-
tion with linked bending and membrane capabilities).
Fig. 4. Surface generated from the curves.
Fig. 5. 3D Geometry of AAA following surface rendering. Fig. 6. Finite element model of an AAA.
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This was achieved through an in-house program,
which created a complete input file for the finite
element program, adding in other model details such
as the material properties, load and constraints. The
program used for the analysis and subsequent post-
processing was ANSYS 6.1 (ASN Systems Ltd,
Cannonsburg, USA). The stress value used to evaluate
the state of the aneurysm was the von-Mises stress.
This provides a single value of stress at any point
calculated from the full 3D-stress tensor, and is widely
used in engineering to evaluate the state of stress of
complex 3D problems.
Statistical analysis
Data were calculated for each group as mean ^
standard deviation. Statistical significance was calcu-
lated by independent sample t-test. The data was
computed with SPSS (v11.5) software. P # 0:05 was
considered significant.
Results
There were six female (four non-rupture group, two
rupture) and 21 male (11 non-ruptured and 10
ruptured) patients in this study. Further details on
the patient demographics are included in Table 1.
There was no significant difference in the mean
diameter between the two groups (ruptured group
7.6 cm, non-ruptured 6.8 cm, P . 0:1). There were two
aneurysms, which ruptured at a relatively small
diameter (5.0 cm and 5.7 cm).
The most useful output from the finite element
analysis is a 3D contour plot of wall stress over the
surface of each AAA studied (Fig. 7). The wall stress
values are colour coded (red representing areas of high
stress and blue for low stress), with the value and
location of the maximum stress in each AAA ident-
ified. AAAs that ruptured, or eventually went on to
rupture, had a significantly higher peak stress (mean
1.02 MPa) than the non-ruptured AAA (mean
0.62 MPa). Systolic blood pressure was also noted to
be significantly higher in ruptured AAAs. The site of
peak wall stress correlated with the site of rupture in
all cases where the site of rupture was easily
identifiable in CT or was recorded by the surgeon (as
illustrated in Fig. 8) (Table 2).
Effect of number of elements
The number of elements in a finite element model is
critical to the accuracy of the results, as discussed
previously, and for the aneurysm models the number
of elements was controlled by the smoothing applied
to the 3D surface representation obtained from the CT
scans. To determine the element resolution required, a
typical aneurysm was solved with an increasing
number of elements. The results showed that increas-
ing the number of elements from 9,000 to nearly 20,000
made only a 1.2% difference in the maximum stress
value predicted. Thus increasing the number of
elements beyond this level would provide only a
minimal increase in accuracy. As a result, the
aneurysm models in this study typically contained
20–30,000 elements depending on the complexity of
the shape being modelled.
Effect of blood pressure
Blood pressure (BP) is a significant parameter in wall
stress calculation, since the stress is directly pro-
portional to the applied pressure. In our study,
patients whose AAA ruptured had significantly
higher systolic BP than the non- ruptured group. To
examine the association of AAA geometry to risk of
rupture, wall stress was calculated in both groups by
standardising the blood pressure at 120 mmHg. With
blood pressure as a constant, patients in the ruptured
group still had a significantly higher wall stress
suggesting the significance of association of AAA
geometry to risk of rupture.
Table 1. Comparison of patient demographics between ruptured and non-ruptured AAA
Non-ruptured AAA ðn ¼ 15Þ Ruptured AAA ðn ¼ 12Þ P (x2)
Age- median years (range) 75 (66–90) 75 (71–84) NS
Sex- Male:female 5:1 5:1
Hypertension (%) 67 25 NS
Ischaemic heart disease (%) 33 50 NS
Smoking (%) 33 57 NS
COPD (%) 56 71 NS
COPD, chronic obstructive pulmonary disease. NS, not significant.
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Fig. 7. 3D contour plot of wall stress over the surface of an AAA. The wall stress values are colour coded, red representing
areas of high stress and blue for low stress.
Fig. 8. (a) Point of rupture in CT (b) correlated with area of high stress in finite element analysis. Sight of rupture and area of
high stress are indicated by arrows.
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Effect of wall thickness
AAA wall thickness has been quoted to be around
2 mm in previous studies,10 but is difficult to measure
accurately. Hence, in our current study we assumed a
uniform AAA wall thickness of 2.0 mm, but we also
studied the effect of varying the wall thickness on
AAA geometry in a typical aneurysm geometry. Wall
stress was found to be inversely proportional to
thickness (Fig. 9), as expected from basic engineering
principles governing the behaviour of thin walled
pressure vessels. Thus, increasing or decreasing the
wall thickness by 25% led approximately to a 20%
decrease or increase in maximum stress, respectively.
Effect of varying the material properties
For simplicity we used the material properties defined
by Raghavan et al. in our analysis.11 We also studied
the effect of varying the material properties over the
complete range reported by Raghavan, and found that
wall stress changed by less than 4%.
Discussion
Over the recent decades there has been little change in
the overall mortality associated with ruptured AAA.
The high perioperative mortality associated with AAA
repair highlights the need to predict risk of rupture on
an individual patient basis. There have been several
attempts in the past to identify risk factors associated
with rupture, and several studies have analysed the
factors that influence the risk of rupture. Increasing
size, AAA expansion rate, hypertension, chronic
obstructive pulmonary disorders, smoking, family
history and a large relative AAA size compared with
the individual body size are some of the variables
known to increase the risk of rupture.4 However, only
recently have studies focused on relating the risk of
rupture on an individual patient basis. Studies by
Fillinger et al. have related risk of rupture to AAA
geometry.13 We have adopted similar principles to
calculate wall stress and our work validates the earlier
work in a different population. This study demon-
strates that wall stress can be calculated from routinely
performed CT scans.
Wall stress distribution is found to be inhomo-
geneous due to the difference in geometry at various
points within an aneurysm. Even subtle changes in
geometry can affect the stresses, however, we have
examined the effect of geometry smoothing and found
only small differences in the predicted peak stresses.
Thus while modest rippling of the surface will have
some affect, it is more likely to be due to discretization
errors (i.e. division of the surface into finite elements)
rather than localised stress effects. We have attempted
to overcome any such problems by using a very large
number of elements in our analyses, and undertaken
convergence studies to demonstrate that we have a
sufficient number to ensure accuracy of the predic-
tions. It is the overall shape and asymmetry of the
aneurysm, including the anterior and superior limits
that are the determining factor. Presumably this is why
an AAA of 45 mm diameter can have the same stress
as that of an AAA of 65 mm, and why the natural
anterior–posterior asymmetry of AAA frequently
leads to higher posterior stresses. Significant difference
in wall stress between ruptured and non-ruptured
AAA (with similar diameter) may indicate that wall
stress is a better predictor of risk of rupture than
diameter alone.
Table 2. Comparison of peak wall stress in ruptured and non-ruptured AAA
Non-ruptured AAA Ruptured AAA P*
Diameter (cm) 6.8 (1.52) 7.57 (1.45) 0.197
SBP (mmHg) 136 (20) 160 (19) 0.003
Peak wall stress (Megapascal) 0.62 (0.28) 1.02 (0.38) 0.004
Peak wall stress (constant SBP) 0.55 (0.24) 0.77 (0.29) 0.039
SBP, systolic blood pressure, values are presented as mean, with standard deviation in parentheses.
*Independent sample t-test.
Fig. 9. Effect of wall thickness on wall stress.
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There are limitations in our study. We have
assumed the material properties defined by Raghavan
et al. in our study population,11 but examined the
sensitivity of the results to those values. We found that
wall stress values changed by 4% or less over the
relatively wide range considered. Hence, these calcu-
lations will hold true if the material properties for our
study population are found to be within the Ragha-
van’s sample population. Currently, to the best of our
knowledge, there are no studies to measure the
material properties of AAA wall in UK population.
We plan to undertake this in the near future.
Stress, by definition is force per unit area, hence it is
not a surprising observation that wall stress was found
to vary very little with change in material property.
Several studies have supported the enzymatic theory
of aneurysm pathogenesis, and the concept of focally
increased levels of activated matrix metalloproteinases
(MMP9 and MMP2) is generally accepted. Our study
does not contradict the above in anyway. While the
wall stress is not sensitive to material properties, it
seems likely that the strength of the tissue is altered by
increased MMP9 and MMP2 activity. (In 1996 Ragha-
van et al., reported a 50% difference in the failure stress
between healthy and aneurysmal aorta). It is also
worth noting that while wall stress is relatively
insensitive to material properties, wall deflection is
not. So even though stress will remain comparatively
constant for decreasing wall stiffness, distension will
increase. (It is actually this change in geometry that
brings about the change in stress). We are examining
this effect further.
A further limitation in our study is the assumption
of a uniform AAA wall thickness of 2 mm. We have
shown that the wall stress is significantly affected by
wall thickness. With refinement in imaging techniques
we will be able to measure wall thickness more
accurately, and further work may be needed to
compute wall stress using accurate wall thickness
measurements in different parts of each AAA.
In our study, we have ignored the effect of thrombus
on wall stress. There have been conflicting views of
the effect of thrombus on wall stress and risk of
rupture14 – 22 We aim to determine the material proper-
ties of thrombus and include them in future studies.
Although there are limitations in our study, the
early results are promising and make the case for a
more detailed examination of the role of wall stress in
assessing the risk of rupture on an individual patient
basis. With the AAA population being generally
elderly, the need to assess the rupture risks and offer
early surgery in some, may alter the AAA related
mortality significantly. Moreover wall stress may
identify patients with a low risk of rupture, who
may avoid an unnecessary procedure, as not all
patients with AAA die of rupture. Currently, wall
stress calculations are undertaken manually which is
time consuming, however, further research is expected
to culminate in a fully automated process which
should significantly assist clinicians and patients in
their decision making.
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